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ABSTRACT 


This  report  Introdaees  a method  of  eonpensating 
for  the  influence  of  the  mechanloal  properties  of  the 
body  on  the  balllatocardiogram.  Using  this  method  one 
obtains  a ballistocardiogram  in  idiich  the  recorded  ampli- 
tudes are  directly  proportional  to  the  forces  produced  by 
heart  action  uhloh  act  upon  the  body  mass.  These  forces 
can  be  directly  correlated  with  the  heart  action.  A 
method  for  the  absolute  calibration  of  this  record  is  pre- 
sented. It  is  demonstrated  that»  using  certain  reasonable 
assimptions  about  the  properties  of  internal  mechanical 
network  of  the  body,  the  ballistocardiogram  could  be  pro- 
duced by  a simple  Impulse  acting  only  during  systole. 
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IKTRODUCnON 


The  ballistocardiogram  (BKG)  is  a record  of  the  oscillatory  body 
motion  which  occurs  with  every  heart  beat  and  is  therefore  attributed  to 
forces  produced  by  the  heart  action.  Usually  the  component  Paranel  to  ^ 
the  longitudinal  body  axis  of  the  deflection  (D)  or  velocity  (V)  is  recorded 
vdien  the  body  is  either  lying  free  on  a rigid  si^face  (Dock  (2)  method}  or 
fixed  on  an  elastically  suspended  table  (Starr  (l)  method).  In  the  first 
case,  the  body  is  movable  owing  to  the  elasticity  of  the  external  tissues, 
and  deflection  or  velocity  of  various  points  of  the  body  surface  is  re- 
corded. In  the  second  case  deflection  or  velocity  of  the  table  is  recorded. 
These  records  are  usually  obtained  by  means  of  electrical  systems. 


In  each  case  a force  produces  the  body  motion.  Only  the  force  is 
directly  connected  with  the  heart  action  whereas  the  motion  of  the  body  or 
the  table  depends  on  the  Impedance  of  the  mechanical  syst«n  as  well  as  on  the 
force.  (Impedance  is  the  complex  ratio:  force/velocity  in  a steady  state  of 

harmonic  oscillation).  It  will  be  shown  later  that  the  influence  of  the  body 
network  on  the  time  course  of  the  body  motion  can  be  large.  A certain  time 
function  of  the  force  can  produce  almost  any  time  function  of  the  motion, 
depending  on  the  mechanical  network  between  force  and  motion.  Unequivocal 
conclusions  about  the  heart  action  can  therefore  be  drawn  from  the  force 
record  only. 


Because  we  can  "pick  up"  only  the  body  motion  the  problem  is  to  deter- 
mine from  the  function  of  the  motion  the  magnitude  and  time  course  of  the 
force.  One  method  of  solving  this  problem  is  to  place  in  the  recording 
system  an  electrical  network  which  compensates  for  the  influence  of  the  body 
meohanical  network  so  that  one  obtains  a force  record  directly.  This  is 
possible  when  the  body  network  is  know.  This  network  is  the  mechanical 
system  composed  of  the  body  masses  and  the  elasticities  and  dampings  which 
connect  these  masses  to  each  other  and  to  the  surface  on  which  the  body  lies. 


The  body  mechanical  network  can  be  separated  for  study  into  two  parts : 

(1)  The  "external  network",  formed  by  the  masses  of  the  body  parts 
(head,  legs,  arms,  trunk)  and  the  elasticities  and  dampings 
which  connect  these  parts  to  each  other,  to  the  skeleton,  and 
to  the  surface  on  which  the  body  lies.  In  the  Starr  method  the 
mass  of  the  table  plate  and  the  elasticity  and  damping  of  its 
suspension  can  also  be  treated  as  components  of  the  external 
network, 

(2)  The  "internal  network"  \diich  as  a first  approximation  may  be 
assumed  to  be  formed  by  the  masses  of  the  heart  and  liver  and 
the  elasticities  and  dampings  which  connect  them  to  each  other 
and  tb  the  skeleton. 

The  division  of  the  body  mechanical  network  into  these  two  parts  is 
justified  because  (a)  the  coupling  between  the  two  systems  is  certainly  very 
weak  and  the  combined  action  of  the  two  networks  can  therefore  be  obtained 
by  the  product  of  the  actions  of  both,  and  (b)  the  external  network  can  be 
determined  by  relatively  simple  measvirements. 
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The  force  Fh  acting  upon  the  heart  la  transmitted  through  the 
internal  network  producing  the  force  Fg  lAich  acts  upon  the  external 
network  and  causes  the  bo(^  motion  (velocity  V®  ),  F®  is  Fh  as 
altered  by  the  action  of  the  internal  network  and  Vg  is  produced  by  F® 
and  Spends  on  the  action  of  the  external  network.  The  amplitude  H of  the 
record  depends  on  Vg  «nd  on  the  action  of  the  measuring  and  recording 
systOB. 

Vfe  shall  call: 

The  complex  ratio  F®  / Fm  as  a function  of  frequency  (in  the  following 
we  will  use  the  complex  vector  presentation  of  oscillation  problsTrs) : 

"The  frequency  response  characteristic  of  the  internal  network  ( FRC.^)" 

The  complex  ratio  V#/F®  as  a fvmction  of  frequency:  "The  frequency  re- 
sponse characteristic  of  the  extemeil  network  ( )" 

The  ccmtplex  ratio  H/Wg  as  a function  of  frequency:  "The  frequency  re- 
sponse characteristic  of  the  measuring  system  ( )". 

Because  the  energy  transfer  from  the  internal  to  the  external  network  can 
be  assianed  to  be  relatively  small  and  the  energy  transfer  from  the  external 
network  can  be  made  negligible  by  its  design,  the  "overall"  frequency  response 
characteristic  ( FRC©  ) is  obtained  by  multiplication  of  the  frequency  re- 
sponse characteristics  of  the  components.  Then: 

For  H/Fg  is  obtained  FRCo*  FRCg  • FRC„ 

For  H/F„  is  obtained  FftC©  » FftC,  • 

Fg  and  Fh  are  periodic  time  functions.  They  contain  the  same  frequencies 
and  their  fundamental  frequency  is  the  heart  rate.  Both  functions  can  be 
described  by  a Fourier  series  vMch  is  a sum  of  sine  functions  in  our  case 
consisting  of  the  frequency  of  the  heart  beat  as  the  lowest  frequency  and  its 
integer  multiples  (harmonics).  The  amplitude  ( H ) of  the  record  is  a true 
picture  of  the  force  only  if  FRCa  is  ccmstant  in  the  range  between  funda- 
mental and  highest  harmonic  of  the  time  function  of  the  force. 

It  was  possible  to  measure  F/?C®  and  the  result  shows  that  it  agrees 
for  the  average  man  with  the  resonance  curve  of  a simple  oscillator  formed  by 
the  total  mass  of  the  body  and  by  the  elasticity  and  damping  of  the  extemeJ. 
tissues  which  connect  it  to  its  support,  ^y  inserting  into  the  recording 
system  a "correcting  network"  adjusted  to  produce  an  FRCm  proportional  to 
i/F«Cg  we  obtadJi  a flat  FRC^  between  H and  Fg  and  a record  of  Fg 

This  record  gives  more  information  about  the  heart  action  than  a record 
of  the  motion  of  the  body  because  the  influence  of  the  extemed  network  is 
eliminated.  Though  the  final  goal  is  the  determination  of  by  eliminating 
also  the  inflvience  of  the  internal  network  we  shall  confine  om*selves,  first, 
to  the  determination  of  Fg  using  the  Dock  method  (subject  lying  on  his  back 
on  a rigid  supporting  plane)  since  this  method  possesses  the  simplest 
mechanical  conations. 
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Vb  eallt 

Tho  record  of  the  bodr  displaoenent : Dlsplaoenent-hallisto- 

oardlogm  ( P-BKQ 

The  record  of  the  bod^  Telooltjrt  Velooity-hellistocardlograiB  (V/-8K£i); 

The  record  of  the  force  Fg  •’  ( Fg-  BKG  ) 

The  record  of  the  force  - BK’<5  ) 

The  cenal  belli etocardlograBS  therefore  correepond  to  and  to 

V'-  BK^'5  recorded  with  a Beaaurlng  device  having  a flat 

FflCfi  %dven  the  load  preaented  bj  the  pic^-up  is  negligible. 

The  V-  BK^  ie  the  p-gKiS  differentiated  with  respect  to  time 
and  therefore  can  show  no  l^sioalljr  new  facts  in  contrast  to  the  Pg-BKQ 
whleh  is  produced  hy  the  application  of  the  operator  of  the  extern^  net- 
worlc  on  the  and  to  the  Ff,-  3K&  piroduced  bgr  the  application  of 

the  operator  of  the  internal  network  on  the  Fg->BKe  . 

Since  the  Fg-BK€|  and  Fh-BK^  are  records  of  forces^  they  can  be 
calibrated  la  units  of  force  (dyne  or  gran)  while  the  P-  can 

oorreetly  be  calibrated  only  in  units  of  displacement  (cm)  and  the  i/-  BK& 
in  units  of  velocity  ( m 860*“^)  • 
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SECTION  I 

THE  MECHANICAL  BODY  NETWORK  AND  THE  DBTEFMINATION  OF  FRC  b 

The  difficulty  in  describing  the  body  as  a system  formed  by 
point  masses  and  elasticities  lies  in  the  fact  that  the  body  is  not 
really  such  a system  but  one  with  more  or  less  continuously  distri- 
buted masses  and  elasticities.  The  representation  of  the  body  as  a 
^sten  of  point  Msses  and  elasticities  is  therefore  a simplification. 
However,  the  lower  the  frequencies  to  which  the  system  is  applied  the 
bettor  it  represents  the  actual  conditions.  We  shall,  therefore, 
attempt  to  represent  the  body  for  the  low  frequencies  which  characterize 
the  forces  of  the  heart  action  by  a relatively  simple  mechanical  net- 
work formed  by  point  masses  and  elasticities.  We  shall  start  with  a 
highly  simplified  mechanical  circuit  (Fig,  lA)  representing  the  body 
lying  on  a rigid,  plane  surface.  Vie  shall  consider  only  components  of 
force  and  notion  parallel  to  the  longitudinal  axis  of  the  body  and 
assiaie  that  the  force  acta  upon  the  mass  of  the  trunk,  \fe  shall  try 
to  determine  whether  the  simplifications  of  the  network  are  justified  and 
whether  still  further  simplifications  are  permissible. 

The  network  in  Figure  lA  contedns  the  masses  (heacO^ 


Figure  1,  Simplified  BMohanlcal  network  of  the  body  lying  on  the 
rigid  surface  S ( A ) and  its  ultimate  simplification 
for  low  frequencies  ( B ), 

4 
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(trtajk),  Mu  (l®gs)|  Ma  (anus),  coanected  to  oach  other  hjr  "springs" 
with  the  ccnpliances  El  > and  the  deanping  resistances 

Rh  » Ru  t f\ a and  also  connected  to  the  rigid  snj^rt,  , of^ 
the  body  by  means  of  springs  with  the  compliances  t 

Ef  f and  the  resistances  Rh  » Rl  » Ra  » Rt  >•  The  impedance, 
, of  a mass,  M , is  proportional  to  the  force  reqtdred  t© 
-vibrate  this  mass  sinnsoidally  at  nnit  velocity  and  equals:  ■2"' pM 

where  J = indicates  a ^ 9o"  phase  shift  between  -velocity 

and  foroe  and  f = froquen(^.  Rm  inoreasea  with  frequency. 

The  impedance,  , of  a spring  is  proportional  to  the  fores  required 

to  expand  and  compress  the  spring  sinusoidally  at  unit  -velocity  and  equals 
» •/j2TTf  E where  E « cempliance  of  the  spring  (deflectiom/foroe) 
and  1/j  = -J  = - indioates  a - So*  phase  shift  between  -velocity 
and  force,  Ihis  impedance  decreases  with  firequency.  At  a certain  fre> 
queney  the  inpedances  of  a given  spring-mass  system  (e,g,  Mh  j Eh) 
will  he  equal.  This  is  the  resonance  frequency  fo  of  the  sys-bem*  For 
frequencies  f « fo  the  impedance  of  the  spring  will  be  so  much  larger 
than  the  impedance  of  the  mass,  that  the  spring  can  be  considered  to  re- 
present a rigid  connection.  Therefore,  for  frequencies  below  a certain 
limiting  frequency  all  springs  %dil(di  in-borconnect  the  parts  of  the  body 
can  be  considered  as  rigid  connections  and  all  the  masses  of  the  hod^  can 
be  combined  into  one  total  rigid  mass.  Mg  , provided  the  impedances  of 
the  respective  masses  are  large  in  ccmiparison  to  the  impedances  which 
connect  them  with  the  support.  Then  the  impedance  connecting  the  body 
to  the  support  can  be  combined  into  only  one  spring  with  the  compliance 
E 0 and  one  resistance  R b . The  restilting  mechanical  circuit 
(KLg.  IB)  is  an  oscillator  with  one  degree  of  freedom.  Its  Ff?C  , 
lAich  represents  now  the  of  the  body,  is  well  Icnown  and  can  be 

represented  by  the  formula: 


FRCg 


CO 


where  Pg  s 

Rb  - 

introducing  x » F 
and  the  damping  constant 


( I 

. — ' as  M 

^8  jeoMg  +■  ^^■coEB  Rff 
2nf 

amplitude  of  the  force  acting  upon 
amplitude  of  the  -velocity  of  Mg 
li^pedance  of  the  body  system 

( f-gsresonanoe  frequency  of  the  \>o6y  system) 

f 
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«B  obtain  for  the  absolute  Talue  the  equation  in  dinansionleas  fora: 


figure  2,  Rrequency  response  characteristic, 

of  the  sisple  oscillator  shown  In  Figure  1 excited  * 

^ a force  acting  upon  the  nass  of  the  system.  Parameter: 
damping  constant  k , 


^ ^ measure  the  FRC^  of  the  body  in  the 

ft«quency  ranp  of  interest  and  find  that  the  measured  function  agrees 
with  one  of  these  theoretical  curves,  it  is  proof  that  the  body  system 
can  be  represented  by  the  mechanical  circuit  of  Plgmro  IB, 

external  sinusoidal  forces  must  be 
appHed  to  the  body  and  the  velocity  \/g  imparted  to  it  by  these 

^ measi^d  as  a function  of  frequency.  The  problem  is  how 
and  ^era  to  apply  these  forces,  ?rm  Figure  1 A it  can  be  concluded 

^ j ^ ? obtained  will  depend  upon  the  place  where 
the  force  is  applied  and  also  upon  the  place  where  the  velocity  is 
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measTired.  Wien  the  force,  for  instance,  is  applied  upon  Mu  > i't 
must  travel  over  Eu  end  Rt  in  order  to  move  • Because  M-j- 

is  much  larger  than  Hu  > it  is  obvious  that  the  application  of  a 
certain  force  upon  Mu  will  cause  a larger  deflection  of  Eu  than 
the  application  of  the  same  force  upon  , Wiile  M|_  and 

might  move  with  practically  the  same  amplitude  when  the  force  is 
applied  upon  , they  will  move  with  different  amplitudes  vdien  the 
force  is  applied  upon  Mu  • 

For  the  measurement  of  the  force  must  therefore  produce 

the  same  pattern  of  motion  of  the  various  body  parts  as  is  produced  by 
the  heart  action.  If  the  shown  in  Figure  3,  \diich  vere  taken 


— Hip  — Head 

— — Chest  ^ Chin 

at  various  parts  of  the  body  (head,  chest,  hip,  chin)  are  compared, 
one  may  conclude  that  all  these  parts  move,  to  a first  approximation, 
with  equal  amplitude  and  phase  throughout  the  frequency  range  found  in 
these  V-SK<a'e  (according  to  a frequency  analysis  1-10  cps).  Wien  we 
consider  the  fact  that  the  records  do  not  represent  the  same  heart  beat, 
but  were  taken  one  after  the  other,  and  that  the  connection  of  the 
"motion  pick  up"  with  the  body  may  not  have  been  equal  at  the  different 
locations  owing  to  different  m.echanical  qualities  of  the  external 
tissues, the  approximation  may  be  even  better, 

A way  to  apply  measuring  forces  which  move  the  parts  of  the  body 
in  the  same  pattern  was  required.  It  was  fovmd  that  such  a pattern 
resulted  when  a subject  was  placed  on  a table  plate  which  oscillates  in 
the  longitudinal  axis  of  the  body  (shake  table).  The  first  experiments 
in  this  direction  were  performed  at  the  School  of  Aviation  T^edicine, 
Randolph  Field,  Texas  in  1949  in  collaboration  with  K.  R.  Reissmann). 

In  this  case  we  have,  however,  a different  kind  of  mechanical  circuit. 
While  the  heart  action  excites  the  system  by  a force,  p*  , applied 
to  its  mass,  M®  , (Fig.  4A),  by  the  shake  table  a certain  velocity, 

V*r  > is  Imparted  to  the  system  through  the  spring  and  damping, 
(VfsdijtOf  where  amplitude  of  the  displacement  of  the  shake  table). 
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Wb  do  not.  obtain  Vb/F®  but  the  ratio  V'e  / .It  is,  ho\«7er, 
possible  to  determine  from  this  ratio  as  a function  of  fraqueney 
the  constants  fft  and  of  the  system  and  vdth  these  con- 

stants ve  can  find  FRC»  in  Plgure  2. 


Figure  4.  Mechanical  circTilts  and  their  electrical  eqtdvalent, 

A.  The  system  of  the  body  excited  by  a force  ( ) 

acting  upon  the  body  mass  ( ), 

B.  The  system  of  the  body  excited  by  a velocity  ( VV  ) 
imparted  through  the  spring  ( Eg  ) and  damping 

( Rb  ) of  the  system. 

The  force,  Fg,  is  equivalent  to  the  voltage,  U*  . 

The  velocity,  Vg  , is  equivalent  to  the  c\irrent,  . 
The  velocity,  , is  equivalent  to  the  current,  . 

The  mass,  Mg  , is  equivalent  to  the  inductance,  Ug  , 
The  compliance.  Eg  , is  equivalent  to  the  capacity  , 
The  damping,  F?b  » I®  eqiilvalent  to  the  ohmic  resistance,  R 


For  the  ratio  wb  obtain: 

Vb  ^ 1/jcoEg  ^ ffe 

i/jwEg  1-  1- 


and  introducing 


JK  and 


k we  obtain  for  the 
-h  l/x^  * 

+■(  X - t/xj^ 


absolute  valiie: 
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eg 


flgmr*  5 shovs  bb  a function  of  x 

for  razlena  ralues  of  ^ • 


calculated 


flcuro  5*  IVoquoncy  roaponao  charactorlatlc,IV'B/VVl/lV»/vVlx-.|  , 
of  the  alspla  oaclUator  ahown  in  FLguro  IB  oxeitod 
t(jr  a ▼aloeitjry  V<r  ^ ixparted  through  elasticity  and 
damping  of  the  ayatom  (comparo  Figure  4B).  Farametort 
damping  conatant  k j SoHd  Hneat  calculated  raluesj 
Valuea  meaeured  froa  Tarioua  aubjeota  indicated  hy*®,^«,A, 


Becauae  D^/Pj^  for  a harmonic  oaeiUation  and  beoauae 

the  ahake  table  vorka  with  conatant  deflection  D,.  aa  a function 
of  frequenoy,not  V'g  but  the  deflection  of  the  body,  D®  , was 
Maaured  and  Dg  aa  a fcmotion  of  frequency  ia  proportional  to 
the  deaired  ratio  ^e/Vr  .The  apparatus  used  for  the  measurement 


of 


B 


/V't 


ia  deaeribed  in  J^ndix  Ila. 


, of 


FtgUi'O  6-ahowa  the  record  of  the  body  displacement,  Dg 
abject  He.  1 caused  by  the  shake  table  at  different  frequencies, 
the  mean  Taluea  of  this  record  the  IV'e/'^rl/l'^a/Wlx-iTalues  in  Figure  5 
were  detemtoed  and  by  oompaidng  then  with  the  theoretical  oureea  we 

f determined  by  extrapolation  of  the  maxi- 

mal  amplitude  fTcm  the  record  ia  Figure  6. 
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Flgcnr*  6,  R»eord  of  tho  dofloetlon  of  tho  loodf  on  tho  ahate 
tablo  for  different  freqnenoleB  and  constant  de> 
flection  of  the  shake  table. 

At  tlaea  this  reoord  shoes  periodle  flttottiatlone  of  the  aaplltodSy 
espeeiallj  at  freqtwaoles  f ^ , These  fluctuations  indicate 

a periodic  ehange  of  the  ■edwHloal  body  iapedanoe  vhicdi  wmj  aooount 
for  periodle  changes  soaetlnes  obserrsd  in  the  • The  eause  of 

these  fluetuationa  ni^t  be  an  inroluntary  tcnna  dbanfs  of  the  subject. 

Bo  oonneotloB  vith  the  breathing  period  vas  found. 

In  figure  5 the  |v'ayV|.l/l^B/K-lj,^Tnlues  of  other  subjeots  are  also 
indioated.  Their  agresnent  vll^  the  theoretical  ounres  shows  that  the 
representation  of  the  body  by  u slnple  oscillator  is  la  first  approsi- 
■atioB  Justified.  W.th  the  K e^ues  found  ve  oaa  deteznine  in  finre  2 
the  PRCg  of  each  subjeot* 


SnbJ.  Ho. 

aise 

fable  1 

Height  Body  Build 

FsC'PS> 

k 

1. 

6 ft.  2 in. 

70  kg 

Tall,  slender 

3.1 

0,3 

286 

2* 

5 ft.  7 in. 

63  kg 

Slightly  less  than  3.4 

0,3 

315 

3. 

6 ft.  1 in. 

85  kg 

■edium  build 
Tall,  Moderately 

3,3 

0,25 

540 

4. 

5 n.  9 in. 

75  kg 

beaey 

Hnscular,  Modlun 

3,3 

0,4 

320 
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Table  1 shows  that  theire  is  no  definite  connection  between  the 
body  build  and  fg  and  k in  the  case  of  our  more  or  less 

"normal"  subjects  and  that  the  variations  of  and  H with 

the  various  subjects  are  surprisingly  small.  Slight  changes  of  the 
pHjsition  of  the  subject  can  produce  larger  changes  of  and 

especially  k than  appear  between  different  subjects,  especially 
when  the  external  tissues  become  stressed.  Subsequent  measurements 
with  the  subject  having  left  the  table  in  the  interim  show  different 
results.  To  obtain  more  constant  and  reproducible  conditions,  a layer 
of  foam  rubber,  F (Fig,  7)  was  placed  between  the  subject  and  the 
plate,  T , of  the  shake  table,  the  head  was  suspended  in  a free 
swinging  hammock,  H , and  the  arms  were  stretched  upward  while  the 
hands  gripped  a fixed  rod,  F?  , at  two  pieces  of  insulated  metal 
tubing  which  seirved  at  the  same  time  as  Ek'd  electrodes.  The  suspension 
of  the  head  was  used  because  the  external  tissues  of  the  head  are 
relatively  stiff  and  the  unsupported  head  sometimes  tends  to  roll  on  the 
table.  The  stretched  up  position  of  the  anns  diminishes  the  possibility 
of  changes  of  position.  The  layer  of  foam  rubber  was  used  to  eliminate 
the  Influence  of  small  changes  of  position  on  the  mechanical  body  im- 
pedance and  changed  the  elasticity  of  the  body  system  very  little. 


EK6  electrodes 

^condenser  pick  up 


Figure  7,  Arrangement  of  the  measuring  apparatus  for  the 

determination  of  the  FRC^  and  for  the  recording 
and  calibration  of  the  , 


VADO  mi  52-340 


It  is  Instraetl-fe  to  Imrostlgato  tho  rosponso  of  a systOB 
having  tba  ■eunred  FRC^  of  the  body  to  a foroe  of  a certain  ftmctlMi 
of  tlM*  Thia  probletB  can  be  solved  In  a relatively  ainple  Banner  bj 
■Bans  of  an  eleotrleal  network  with  an  FRCei  proportional  to  the 
FRCs  of  the  bod^  aysteii.  This  nethod  is  equivalent  to  the  aolntien 
of  the  problaB  bj  Beans  of  an  eleotrle  analogue  eonputer.  The  Bedhanleal 
network  of  tl»  body  and  Its  equivalent  eleetrioal  elreult  are  shown  in 
Fignre  Ihe  of  the  Boehanloal  network,  FRC^  > will 

be  proportional  to  the  FRCel  of  the  eleetrioal  network  , PRCqI-  I^/Up, 
when  the  dassping  OMistants  are  equal. 

B)y  Beans  of  a photoeleotrle  voltage  generator  (see  Appendix  III)  a 
siaply  shaped  voltage  iBpolae  was  applied  periodically  to  the  network* 

The  frsqnsncy  of  thla  period  was  Bade  l/3  of  the  natural  frequency  of 
the  eleetrloid  dreuit  since  the  frequency  of  the  heart  beat  la  1/3  of 
the  natural  frequeni^’  of  the  body  aystSB.  The  osclllegrans  (Tig*  8)  of 
the  current,  I recorded  with  different  daBplngs,  represent  the 
veloeltlea  of  the  body  Baas  under  the  condition  that  the  foroe  api^ed  by 
eveiy  beat  of  the  heart  had  the  tine  oourae  of  the  voltage  iapulse. U * 


figure  8*  TIbs  function  of  the  current  ( I ) produced  by  the 
voltage  ( U ) in  an  electrical  syatea  equivalent 
to  the  Beqhanlcal  systes  of  the  body  (see  fig.  4A)* 
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The  osoillograBS  are  sinilar  to  the  typical  recorded 

hy  the  usual  methods  vhlch  indicates  that  they  cotild  haye  been  pro- 
duced hy  only  one  very  simply  shaped  imptilse  of  force  and  vre  see  that 
it  is  not  justified  to  explain  a certain  peak  or  dip  of  these 
as  being  caused  hy  the  occurence  of  a ceHain  event  in  the  blood 
circuit  (e«g«  expulsion  of  the  blood  from  the  heart,  acceleration  effects 
of  the  blood  flowing  throui^  the  aortic  arch  etc.)* 

The  end  V-  seen  to  represent  more  or  less  the  transient 
response  of  the  meohanloal  body  system  excited  by  a simply  shaped 
periodic  impact*  This  idea  is  also  suggested  ^en  we  observe  the 
agreement  of  a typical  FRC^  of  the  body  with  the  frequency  spectra 
of  V«  in  Figure  9.  Two  spectra  are  shown,  the  one  analyzed 


of  BK6 


Figure  9.  Frequency  spectra  of  V-BfC^'aand  FRC»  , 

o— — ® Spectrum  of  a V-  BKQ  taken  frcai  a medical 
journal. 

® • Spectrum  of  own  records.  Mean  values 

of  five  subjects. 

Average  F^?Cg  * 

from  a record  taken  from  a medical  journal,  (3),  the  other  representing 
the  mean  values  of  spectra  analyzed  from  five  of  our  own  records, 

(Method  described  In  Appendix  III),  The  maTimal  amplitudes  of  the 
spectra  are  arbltrarly  set  to  equal  1 and  the  other  harmonics  are  calcu- 
lated accordingly* 
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It  Is  probably  beeanae  of  the  effect  of  the  FRC  ^ that  fre- 
quencies higher  than  10  cps  are  not  present  in  these  V-BKQjr. 

The  P R C M in  the  case  of  our  measureisents  was  flat  up  te  20  ops.  Iff 
as  it  is  often  affimedf  the  acoaleratlon  and  deceleration  of  the  bleodf 
due  to  the  curvature  of  the  aortic  archf  have  measurable  effeetSf 
separated  from  each  other  and  from  the  effects  of  expulsion  of  blood 
from  the  heart,  they  should  bo  separated  by  a time  interval  of  the  order 
of  1/50  sec.  (distance  heart  - aortic  arch  lOcia,  velocity  of  the  pulse 
wave  in  the  aorta  soocm/s  ),  Only  the  change  of  the  velocity  of  the 
blood  can  cause  a reaction  force  and  this  change  represents  the  pulse  wave. 
The  force,  Fh  , acting  upon  heart  and  aorta  should  then  contain  fre- 
quency compononta  up  to  50  cps.  These  effects  can  only  be  discovered 
\*en  a system  having  a FRC©  flat  up  to  this  frequency  is  used.  In  any 
case  only  by  means  of  a spectrum  of  the  - BK‘<a  recorded  with  a system 
having  a FRC^  known  to  be  flat  up  to  higher  freqt»ncios  than  the 
highest  fi^quoney  found  in  this  spectrum,  can  it  be  detornined  Aether  the 
complete  spectrum  has  been  recorded. 
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SECTION  III 


THE  F»-  BK€i  REGOHDBD  WITH  THE  C0RRECTIN6  NBTUDBE 


A.  Principle  of  the  Measurement: 


The  oyerall  FRCo  for  the  recording  of  the  Fg-BKfiis  the  product 
of  the  FRCe  of  the  body  and  the  FNCm  of  the  measuring  system. 

If  by  means  of  a filter  network  (correcting  network)  in  the  measuring 
system  an  proportional  to  I/FRCb  is  produoed,the  Ff?c<»  will 

be  flat  and  the  record  will  represent  the  force  Fa  , Figure  10  shows 
the  principle  of  an  electrical  recording  system  of  this  kind. 


Figure  10.  Eloctr©-4neehanical  circuit  of  subject  and  measuring 
system  for  the  recording  of  F®  by  means  of  a 
correcting  network,  \Aich  produces  an  output  Toltage, 
Ua.  > proportional  to  the  acting  force,  Fg,  . The 
input  voltage,  l^pu  , is  produced  by  the  velocity 
plek-up  PU  and  is  proportional  to  the  velocity  of 
Mg,  • 


The  output  voltage,  of  the  electrical  velocity  pick  up  is 

proportional  to  the  velocity  of  the  body  mass,  s 


Because:  Vg  = Fg/R^  wo  obtain 


C. 


F 


idiere:  ^ b = impedance  of  the  body  system. 

The  voltage,  , drives  the  current  I , 

I^Vpu/R, 

(because  R,^R  ) 

through  the  impedance  of  the  correcting  network  R,  ,: 
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and  prodnoea  the  voltage,  U2  , aeroaa  R t 


Upu  p* 


^ a *■  - =‘-^* 


The  record  of  repreaenta  a record  of  if  we  nake 


R » ^3 


This  conditioD  la  fulfilled  lAen  the  reaonanoe  frequent  of  the 
electrical  a^reten  equala  the  reaonanoe  frequenoj  of  the  ajvten  of  the 
body  and  when  the  danping  eonatanta  of  both  ayateau  are  equal.  Beoauao 
it  ia  alnoat  Impoaeible  'to  build  a olrouit  fomed  by  a oondenaer  and  an 
inductance  with  the  oorreot  damping  for  the  low  reaonanoe  frequenter  of 
the  body  ( 3cp3),an  oqulwident  eleetronie  olrouit  (aee  A|>pendlz  II) 

was  uaed. 


B.  The  Fg-BK'G  * 

Before  the  recording  of  the  and  W of  the  bo<fy  uf 

the  aubjeot  were  firat  Beaaured  on  the  ahake  table  and  the  correcting 
network  adjusted  aooordingly.  Then  the  Fg-BKQvaa  recorded  while  the 
subject  was  atlll  in  the  saM  position  an  the  stationary  shake  table. 

Li  Figure  5 we  see  that  the  FRC  0 agrees  wery  well  with  the  theoretical 
eurres  in  some  oases  while  in  other  oases  the  agreement  is  only  fair. 

The  degree  of  compensation  of  the  influence  of  the  FRC0  by  means  of 
the  oorrectiag  network  depends  on  this  agreement.  The  most  simply  shaped 
Fq-BKO  of  subject  Ho.  1 (Fig,  ll)  probably  represents  most  clearly 
the  "ideal"  Fs"  BK(a  because  dm  this  case  the  measured  F;?Cs-funotlon 
agrees  best  with  the  theoretioal  function  of  a simple  oscillator  and 
thua  we  can  expect  the  best  action  of  the  eorreeting  network.  Beoauee 
the  influence  of  amplitude,  and  eapeoially  phase  distortions  caused  by 
an  incomplete  action  of  the  correcting  network  on  the  shape  of  the  record 
can  be  rather  large, wo  will  be  cautious  in  explaining  single  peaks  and 
dips  as  being  caused  by  certain  erents  in  the  blood  circuit  and  will  com- 
pare more  the  shape  of  the  Fg-BKQ  with  the  shape  of  the  . 

Figure  11  shows  these  records  together  with  the  EKS  of  our  four  sub- 
jects, all  of  whom  stopped  breathing  while  the  records  wore  taken.  In 
contrast  to  the  D-0K0  and  V'-BK<3  ,tho  Fg-  BKS  usually  shows  a simpler 
and  clearer  shape  and  only  small  wares  or  none  at  all  towards  the  end  of 
the  heart  period. 

In  the  Fe-BK’fii  we  can  usually  distinguish  two  wares  X and  JL 

more  or  less  separated  from  each  other,  and  by  ocaqparison  with  the 
we  discorer  that  the  first  ware  occurs  during  the  systole,  while  the 
second  occurs  in  the  beginning  of  the  diastole. 

Ware  X during  systole  can  be  explained  by  the  acceleration  and 
deoeleratioa  of  the  stroke  roltsw  or  more  generally  expressed,  of  the 
center  cf  grarlty  of  the  heart-aorta  complex.  Ve  will  not  forget  that 
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in  Lj 


^4-1.,.  .,  *■  I I ; W : 


VT(  — Fo-BKG 


SUBJECT  I 


SUBJECT  3T 


SUBJECT  HI 


SUBJECT  E 


Pigura  11.  P-3K^  , V-BKdi  , SKQ 
^ subjects. 


and  £K(Si 


the  contraction  of  the  heart  before  the  expulsion  might  also  cause  a 
motion  of  this  center  of  gravity  producing  an  impulse  of  force  which 
can  influence  the  pattern  of  wave  I , For  the  explanation  of 
wave  n there  are  several  possibilities. 

1.  A genuine  new  Impulse  of  force  not  connected  with  the 
systolic  action  of  the  heart,  produced,  for  instance, 
by  the  filling  process  of  the  heart. 

2.  An  impulse  of  force  produced  by  the  energy  of  the  systolic 
action  of  the  heart  but  delayed  in  time  by  the  action  of  a 
mechanical  network,  e.g,  the  reflection  of  the  pulse  wave 
or,  on  the  other  hand,  the  action  of  the  internal  network. 

The  explanations  given  under  (2.)  are  the  more  probable  because 
one  cein  hardly  expect  that  forces  described  under  (l)  could  be  cam- 
parable  in  magnitude  to  the  forces  generated  by  the  systolic  action 
of  the  heart.  The  reflection  of  the  pulse  wave,  however,  seems  less 
probable  because  flow  processes  in  the  peripheral  circuit  can  hardly 
be  expected  to  produce  forces  comparable  with  the  forces  of  the 
systolic  action  since  the  elastic  chamber  of  the  arterial  tree  should 
diminish  the  alternating  ccsnponent  (blood  mass  times  velocity)  arising 
there.  It  is,  therefore,  understandable  that  no  basic  change  of  the 
Fa~BK6i  was  observed  when  the  blood  flow  in  the  legs  was  blocked  at 
the  thighs.  Such  a drastic  disturbance  in  the  peripheral  circuit 
should  have  changed  at  least  the  timing  of  wave  JL  if  this  wave  had 
been  produced  by  the  reflection  of  the  pulse  wave. 
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The  th»ory  that  vaTO  1[  eoold  haT*  baM  produced  hj  the  aotiou 
ef  the  latemal  network  vaa  therefore  Imreatlgated.  Because  it  is 
possible  to  explain  alsost  any  periodic  output  function  by  a certain 
periodic  input  function  if  ws  asswe  a certain  network  between  then 
we  will  see  if  we  can  find  a reasonable,  sinple  network  which  produces 
fron  a reasonable  input  function  an  output  ftmction  slnilar  te  the 
^ical  Fs-3K«  • Such  an  inTostigation  cannot,  of  course,  prore  that 
this  explanation  of  the  generation  of  wawe  IE  is  correct,  but  it  can 
prove  its  possibility, 

Ihe  problen  was  investigated  by  neans  of  an  adjustable  electrical 
network  the  input  voltage  of  idiioh  was  again  produced  by  the  photo- 
electric voltage  generator  described  in  Appendix  III,  The  tine  function 
ef  the  input  voltage,  U , (corresponding  te  an  asstaisd  Ph  ' ) 

was  <sie  cyole  of  a aine-funotlen  of  the  duration,  t , repeated 
periodically  with  the  period  tine,  corresponding  to  the  heart  period, 

,,  It  eorrespcmded  te  an  Inpulse  of  force  of  the  duration  of 
the  systole.  The  first  half-wave  nay  represent  the  force  caused  by  the 
acceleration  and  the  second  half-wave  nay  represent  the  force  caused  by 
decelerati<m  of  the  stroke  voltne.  The  output  load  Inpedanoe  of  the 
network  was  infinite  because  the  iapedance  of  the  body  nass  upon  which 
the  force  at  the  output  of  the  internal  network  acts  can  be  asaneed  to 
be  very  large  in  conparisea  te  the  output  inpedanoe  of  the  internal  net- 
work, The  output  voltage,  , ef  electrical  network  correspMids 

to  the  force,  , 

It  was  possible  to  adjust  a network  with  two  degrees  of  freedoai 
in  sudi  a nanner  that'  the  input  funotion  was  changed  at  the  output  to 
the  pattern  of  the  typical  F^  . • figure  12A  shows  tlM  records 

obtained,  figure  12B  the  eleotrical  network  fetSMl  and  12C  its  equivalent 
■ediaalo^  circuit.  Curve  Fh  is  the  record  ef  the  input.  Fa  the 
record  of  the  output  function, 

Ve  will  not  try  at  this  tine  to  correlate  the  network  to  the 
latemal  structure  of  the  body  but  state  only  that  the  explanation  of 
wave  IE  by  an  action  of  the  internal  network  seean  possible  and  that 
therefore  the  Fa  - BKS  oould  be  produced  by  only  one  inpulse  of  force 
acting  during  syntole. 

To  give  a acre  popular  deserlption  of  the  possible  action  of  the 
internal  network;  idiea  the  stroke  volune  is  expelled  fren  the  heart, 
the  reactien  force  noves  the  whole  heart  downward  and  its  elastic  sus- 
pension is  stressed.  After  the  valves  have  closed  and  the  reaction  feroe 
has  stopped  (l.e,  in  the  diastole)  the  energy  stored  in  the  suspension 
novas  the  heart  back  and  thereby  generates  a reaction  force  iMeh  pro- 
duoes  wave  X , (this  night  also  be  an  explanation  of  the  "3rd  heart 
sound). 
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figure  12.  A:  Output  voltage,  , caused  Ijy  the  input 

voltage,  U,  , in  the  electrical  network  shown 
in  B,  C:  Shows  the  mechanical  circuit  equivalent 

to  the  electrical  network  (B), 

TlM  pg-dKG  resembles  somewhat  the  low~frequency  recordings  of 
"heart  sounds"  and  when  we  compare  it  with  recordings  of  the  motion  of 
the  apex  of  Smsthausen  (4)»  recorded  in  the  frequency  range  1-20  cps, 
we  can, in  some  cases,  find  a surprising  similarity  which  seems  too 
great  to  be  Just  coincidental.  Figure  13  shows  a record  by  Emsthausen 
of  the  apex  motion  and  one  of  our  fs-*  , They  were  not  taken 


Figure  13.  Comparison  between  a record  of  the  motion  of  the 

apex  (after  fimsthansen)  and  together  with  the  EKfii 
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troBi  the  same  subject  and  vere  matched  te  each  other,  as  far  as  the 
time  scale  la  concerned,  by  means  of  the  EK^  recorded  In  each  case. 
Emsthausen  explains  the  first  wave,  the  rise  and  fall  of  which  pro- 
duces the  first  and  second  of  the  usual  heart  sounds,  by  the  change  in 
the  shape  of  the  heart  due  to  contraction  and  expulsion  and  explains 
the  second  wave  also  by  a passive  motion  of  the  heart.  The  explanation 
of  the  similarity  of  the  waves  I Is  probably  that  the  change  of 
shape  of  the  heairt  is  closely  related  to  a motion  of  Its  center  of 
gravity, 

C,  Calibration  of  the  Fg  - BK6 1 

Pbr  the  calibration  a known  force  Fc  nrast  be  applied  to  the 
body,  be  recorded  with  the  sane  sensitivity  of  the  measuring  apparatus 
as  used  for  the  recording  of  the  Ffr-  and  both  records  must  be 

oompaied.  For  the  application  of  Fc  the  same  considerations  apply  as 
for  the  measurement  of  PRC^  • Fc  must  produce  the  same  pattern  of 
notion  of  the  body  as  the  one  produced  by  the  ^orce  of  the  heart  action. 
(The  application  of  a calibration  force  upon  e.g.  foot  or  shoulder,  as 
sometimes  reported  In  scientific  literature,  hardly  fulfills  this  con- 
dition). Forthermore,  the  calibration  force  must  contain  only  frequencies 
within  the  flat  range  of  FRCo  . Thus  the  shake  table  was  again  used  to 
produce  a sinusoidal  calibration  force. 

As  we  have  shown,  the  shake  table  Imparts  a known  velocity  upon 
the  body  system  through  elasticity  and  damping  of  the  external  tissues 
and  we  Intend  to  calibrate  the  record  of  the  force  acting  upon  the  mass 
of  the  bodf.  V(b  must  therefore  determine  the  force.  Pc  , acting  upon 
the  body  mass,  idiich  is  produced  by  the  velocity  of  the  table.  Figure  4 
shows,  besides  the  mechanlcgl  circuits,  the  equivalent  electrical 
circuits  used  when  the  body  system  is  excited  through  elasticity  and 
damping  by  the  velocity,  $ (Fig.  4B)  and  idien  the  same  system  is  ex- 

cited by  a force,  Pg  , acting  upon  the  body  mass  (Fig,  4A). 

The  generator,  , then  represents  the  shake  table  and  drives 

the  current,  I-r  , (equivalent  to  the  velocity,  Vr  , of  the  shake 
table)  through  the  system.  g produces  the  voltage  Ug  , 
equivalent  to  the  force  pg  .In  the  calibration  and  in  the  Pe-BK'd 
recording  the  velocity  V*  produced  by  Giy  and  the  velocity 
produced  by  ^ a are  recorded  over  the  correcting  netuork.  These  ^ 
velocities  correspond  in  the  electrical  circuits  to  the  currents  Ig  and 
. We  will  ^vestigate  which  voltage.  Up  , produces  a current, 

I®  , equal  to  Ig  \*en  the  latter  is  produced  by  It  • 


and  Jg 
I.  = Ir 


we  can  derive  the  fonnulast 
j'wLg  l/0‘u»Cg  •#.  Rg 


toll 


i/y<oCj 
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By  setting  = I Bf  ^ obtsdn  an  equation  which  gives  the  de- 
sired relation  between  Ug  and  It  . This  equation  has  a very- 
simple  form  when  we  choose  the  resonance  frequency  of  the  system,  fg  , 
for  calibration.  For  Wg  we  ha-ve  cugLa= 

and  R^askui^Lfc  and  we  obtain:  =s  C U -J  ^ and  for 

the  absolute  value:  |Ub1=  , This  means 

for  the  mechaniceO.  case:  IFgl  = \Zj-cj » 0-^  Ws^Ms/kCT" 

^ere  o-t* amplitude  of  the  displacement  of  the  shake  table.  In  case 
of  the  calibration  is  equivalent  to  the  calibration  force  Ft  • 

The  factor  /W*"  +•  • equals  1 for  the  k -values  of  the  body. 

(for  k«.4  1,0^).  It  may  be  remembered  that  VV  is  the  amplitude 

of  the  -velocity  of  -the  shake  table  and  Fc  the  amplitude  of  the 
calibration  force.  The  peak  to  peak  distance.  He  » of  the  cali- 
bration record  irepresents  therefore:  Hc*^Fc  • 

If  the  calibration  is  performed  with  the  frequency,  fa  » It 
must  be  considered  that  the  correcting  network  has  its  smallest  rate 
of  transmission  for  this  frequency.  All  other  frequencies  present  (com- 
ponents of  the  BKGt  , mechanical  -vibrations  of  the  building  and  har- 
monics of  the  calibration  frequency  produced  by  the  table)  will  be  em- 
phasized in  the  recording.  The  record  of  the  calibration  frequency  will, 
therefore,  be  distorted.  But  in  the  calibration  only  the  frequency,  , 
is  of  interest.  The  rate  of  transmission  of  the  correcting  network  can, 
therefore,  be  diminished  for  the  other  frequencies  if  the  rate  of  trans- 
mission of  the  frequency  fe  is  not  changed.  This  is  done  by  short 
circuiting  Lg  and  Cq  (Fig,  10 ) of  the  correcting  network  during  -^e 

calibration  since  at  this  frequency  the  impedance  is 

already  zero.  In  this  manner  and  if  is  large  enough,  a practically 
undistorted  record  of  the  calibration  force,  Fc  , can  be  obtained  (Fig.  14), 


Force  acting 
toward  head 


Fo»2  75g 


Fe-  roeog 


Force  acting 
toward  feet 


Figure  14, 


Fg  BK6  Pj  ' 

Record  of  the  calibration  force,  Fc  , and  Fg-BKei 
recorded  with  the  same  sensitivity  of  the  recording 
system.  The  pulses  P above  the  Fc  -record  indicate 
that  the  calibration  force  at  the  same  moment  acts 
toward  the  head  of  the  subject.  Upward  waves  of  the 
Fc  -record  and  also  of  the  Fq --BK^  therefore  indl- 
cate  a direction  of  the  force  towards  the  head. 
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Mans  of  tho  •quaticni  Ug*  ^ ttm  phaso 

relatloo  betvaen  Ug  and  It  !■  abtainad*  This  i^iaae  ralatios 
idU  be  naed  for  the  detemiiiatlra  of  the  dlrectlott  of  the  call- 
faratien  force  and  of  the  foroe  recorded  in  the  Pb**  BK6  • With  “Uie 
average  k -ealnea  of  the  hod^  the  phaae  ahlft,  9 , between  and 
It  ie  about  - So*  (for  > ys-69®)  la  the  eleotrieal 

drotdt  and  alao  between  and  Vj  in  the  neohanloal  elroult. 

(Fig.  4)*  The  naxina  of  Fg  ooonr  ~ 5o*  later  than  the  naxlBa  of 
Vr  • Therefore,  beeauae  the  naxiBel dLsplaoeaenta  of  the  table 

ooonr  do*  later  than  its  marlnal  Teloeltiea^the  Tnaxlea  of  Fg  are  in 
idiaae  witii  the  naxlwal  diaplaoenenta  and  have  the  aane  direction.  Bjjr 
■eana  of  a contaot  operated  by  the  pulley  (Fig.  7B)  revolving  sya- 
dironoualy  with  the  oaolllatlon  of  the  table  plate,  an  eleotrioal  inpulae, 
P , (Fig.  14)  waa  produoed  perlodloally  at  the  tine  of 
in  one  direction  and  reoorded  together  with  the  oallbration  force.  At 
the  nazlna  aynehronoua  with  the  pulaea,  P , the  ealibratlan  force 
aeta  in  the  direotlon  of  the  diaplaoenent  ef  the  table  ooordlnated  with 
the  oloaure  of  the  contact,  in  our  oaae  in  the  dlreotico  of  the  head  of 
the  subject.  Anplitudea  of  the  in  the  ease  direction  indicate 

forces  of  the  heart  action  acting  toward  the  head. 

The  eoaiparlscm  of  He  of  the  Fc- record  with  Hs  of  the  Fg"BK$, 

recorded  with  the  sq|e  adjiistnent  of  the  masurlng  apparatus,  yields  the 
peak  to  peak  value  Fg  • The  Fg-valuaa  neaaured  with  different 
subjects  are  given  in  Table  1.  Values  between  286  gran  and  540  gran 
were  neasured. 


The  foroe  Fh  , acting  upon  the  heart  can  be  snaller  er  greater 
depending  on  the  action  of  the  Intexual  network.  One  can  rouf^ily  esti- 
nato  the  amplitude  of  this  foroe  at  the  first  nonent  that  the 

aortio  valve  has  opened.  It  shoxild  be  in  the  order  of  1 systolio 
pressure,  P3  , minus  diastollo  presstire,  Pd  , tines  cross  aeotlon  of 
the  aorta,  cj^, 

Ah  ^ CP5  - Pd  ; qA 


With  Pj-P^  «5Om»».H5-6.SXf0^idi2i-  and 


Cl«M‘ 

we  obtains  Ah  *■  4- JO  . Thin  value  is  probably  too  large 

because  the  vadvee  cannot  open  la  infinitely  short  tine.  On  the  other 
hand  wa  can  estinate  Ah  from  the  peak  acceleration  neoessaxy  te 
drive  the  stroke  volnae,  lOO  cr>»’  'w  joogir.  ),  fron  the 

heart  into  the  aorta.  If  it  is  assuned  that  in  first  approxLnation  the 
velocity  of  the  blood  entering  the  aorta  in  I/4  heart  period,  T , 

( T Issc.)  has  a tine  function  according  to  one  half  of  a sine 
function  (l.e.  with  a frequenty  2/T  c.p.  velocity  anplitude,  V , 

would  bes  ,,  Vs  . 

. q A 2tr  Vt  t4t  , . 

SM  we  obtain  tho  anplitude  ef  the  acoeleratlon : acc«  V'2v 

( gravitational  constant  ■ 98l'*?%e^).  The  acceleration  of  the  ^ 
stroke  volnw  of  about  100  gran  would  then  produoe  an  amplitude  ef  the 
reaction  force  of  I50  gran.  This  value  is  probably  tee  because  a 
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part  of  the  blood  alreac^  In  the  aorta  nuet  also  bo  accelerated, 
the  aaount  of  blood  depending  on  the  elastic  qualities  of  the 
arterial  tree* 

If  we  ccaipare  these  very  rougfh  estimates  of  the  amplitude  of  the 
force  acting  upon  the  heart  vlth  the  amplitude  ( ^g/2.  ) of  the 

force  acting  upon  the  body  mass  as  detemlned  from  the  Fg-SK^  ve 
find  that  these  ralues  are  relatively  close  and  that,  therefore,  the 
influence  of  the  internal  network  on  the  amplitude  of  the  record  does 
not  seen  significant. 


» 
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APPENDIX  I 


Tha  Maaatganent  of  the  Motion  of  tha  Bodr 

For  the  Mastirenant  of  the  FRC&  and  far  the  recording  of  the 
ve  TBuat  produce  a voltage  proportional  te  the  dlaplaoement 
or  velocity  of  the  body,  Thla  voltage  ia  produced  hy  an  electro- 
oechanical  transducer  (pick-up)  for  the  design  of  vfaich  any  eleotro- 
nechanical  principle  can  be  used  (e.g,  notion  of  a conductor  ia  a 
nagnetic  field,  change  of  the  reluctance  of  a magnetic  circuit  hy  the 
motion  of  an  armature,  change  of  the  capacity  of  a condenser  by  the 
motion  of  a condenser  plate,  deformatiea  of  a piezoelectric  crystal, 
modulatiMi  of  the  llluminatien  of  a photocell  by  the  motion  of  a 
mirror  or  of  a diaphragm  etc,).  It  la  not  Important  to  idiioh  physical 
magnitude  of  the  motion  the  output  voltage  is  proportional,  because  it 
can  be  differentiated  or  integrated  by  means  of  electrical  networks. 

The  choice  of  the  electro-mechanic  principle  depends  upon  the  necessary 
sensitivity  and  tQ>oa  the  mechanical  structure  connected  with  this 
principle.  The  mechanical  input  Impedance  must  be  kept  as  small  as 
possible  in  coaparlsoD  to  the  mechanical  impedance  of  the  point  at  tbs 
bo<fy  surface  to  be  connected  with  the  pick  up.  If  the  mechanical 
impedance  of  the  pick  up  is  too  large  the  motion  of  this  point  may  be 
considerably  changed.  To  keep  the  impedance  of  the  pick  small,  its 
moving  mass  and  the  elasticity  of  the  suspension  of  this  mass  must  be  as 
small  as  possible.  The  impedance  of  a point  of  the  body  surface  is 
relatively  small  became  of  the  great  mobility  of  the  external  tissties, 
especially  for  motions  parallel  to  the  surface.  The  conditions  can  be 
improved  however,  when  the  pick  up  is  not  connected  with  a point  but 
with  a larger  area  of  the  surface. 

Depending  on  the  pi*oblem,one  of  two  methods  was  used  for  recoirdlng 
the  motion  of  the  body. 

l)  Recorded  at  Various  Parts  of  the  Body, 

In  order  to  obtain  comparable  records  it  was  important  that  the 
sensitivity  of  the  measuring  apparatus  remain  constant  when  the  place 
of  the  measurement  was  changed.  This  is  difficult  to  achieve  by  a 
method  ^oh  measinres  the  motion  relative  to  a fixed  point,  such  as 
the  earth.  Therefore,  measurements  were  performed  by  means  of  an 
acceleroBwter  which  measures  the  motion  of  a point  of  the  body  relative 
te  a mass  elastic»lly  connected  with  this  point.  The  acceleration  of 
the  bodty  caused  ly  the  action  of  the  heart  was  found  te  be  of  the  order 
of  1/500  S .A  sufficiently  sensitive  accelerometer  (Figure  15A) 
was  built  by  eoBaocting  (with  glue)  a mass,  M ( 2o  gr.  ),  te  the 
surface  of  the  crystal  microphone,  C , elastically  suspended  in 
the  frame,  F , The  other  end  of  M was  suspended  in  a flat  steel 
spring  S , The  resonance  of  the  system  was  damped  by  filling  the 
harrow  adjustable  slots  betiraen  M and  the  plastic  blocks,  Q , 
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Flg«pp®  15«  Csystal-Ac<^i©rG®et®r  (A)  aad  Cathode-Follower 
aaplifier  stag©  (B), 

with  grease.  The  output  voltage  of  the  accelerometer  was  fotmd  to 
be  proportional  t®  the  acceleration  in  the  frequency  range  .S’ 
t©  4-Ocp^  • The  electrical  inner  impedance  of  the  crystal  repre- 
sents a capacity  (ca.  looo  pf  ),  To  bring  the  open  circuit 
voltage  at  a frequency  of  .5c.po  to  the  grid  of  the  first  amplifier 
stage, the  grid  leak  resistance  must  be  about  3oo  Megohms.  This 
resistance  was  dynamically  obtained  by  moans  of  the  cathode  follower 
circuit  shown  in  Figure  15B.  A voltage  proportional  to  the  velocity 
was  obtained  \sy  means  of  an  integrating  network  following  the 
amplifier  stage.  After  the  integrating  network  a "grass’*  amplifier 
(Model  P4) ; and  a direct  writing  in  k-recorder  (Brush  Recorder  BL 
902A  with  amplifier  BI^5)  were  used. 

2a)  Measurement  of  the  Displacement  of  the  Body  on  the  Shake  Table 
for  the  Determination  of  FRCg,  , 

A voltage  proportional  to  the  displacement  of  the  body  could 
have  been  obtained  by  using  the  accelerometer  described  above  and 
integrating  its  output  voltage  twice  with  an  electrical  network.  It 
was,  however,  simpler  to  nroduce  this  voltage  directly  with  a con- 
denser pick  up  (Pigure  16)  \ised  with  a carrier  frequency  device.  One 
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Figure  16,  CSondenaer  Plok  Up  for  the  Meaaureaent  of  the 
Motion  of  the  Bo^« 

condeneer  pl&te,  P , waa  rigidly  connected  with  the  earth,  the 
other  one,  , was  connected  to  one  end  of  a light  netal  tube, T , 

vhich  vas  fixed  in  the  niddle  by  the  flat  steel  spring,  , and  was 

moTable  in  the  horieontal  and  vertical  plane.  The  other  end  of  the 
tube  carried  a needle  N , \diich  touched  a leather  belt, 3 
(Fig.  7),  buckled  around  one  thigh  and  hip  of  the  subject.  In  this 
vay  the  area  of  the  body  avirface  loaded  by  the  pick  up  was  considerably 
enlarged  and  the  motion  was  picked  up  not  tooftr  from  the  thorax  and 
at  a place  hardly  moved  by  the  subjects  breathing.  Only  oostponents 
of  the  motion  parallel  to  the  longitudinal  axis  of  the  body  produced 
capacity  changes  by  changing  the  separation  of  the  plates.  A motion 
of  the  plate,  , parallel  to  its  plane  caused  no  change  of 

capacity  because  the  diameter  of  the  movable  plate  was  smaller  than 
the  diameter  of  the  rigid  plate.  The  sensitivity  of  the  measuring 
system  was  high  enough  that  a distance  between  the  plates  of  approxi- 
mately . 5 cwi  could  be  used.  Shmill  displaoements  of  the  body  were , 
therefore,  without  influence  on  the  sensitivity  of  the  system.  The  out- 
put voltage  of  the  carrier  frequency  device  (proportional  to  the  dis- 
placement of  the  body  in  the  frequency  range  0 - 20cps  ) was  amplified 
by  a "Grass"  amplifier  and  recorded  by  a "Brush"  recorder. 

2b)  Recording  of  the  D,  V',  «««1 

For  all  these  recordings  the  condenser  pick  up,  described  above, 
was  used.  For  the  V-BK^  and  Fb-BK6  the  output  voltage  of  the  carrier 
system  was  differentiated  by  means  of  an  electrical  network,  the  output 


WADC  TR  52-340 


2$ 


Toltage  of  wfaleh  vaa  then  proportional  to  the  velocity  of  the  bo(^. 
After  aaiplifioation  with  the  "Grass"  amplifier  this  voltage  was 
recorded,  in  case  of  the  F®-  BK^  , over  the  correcting  network. 
Because  PRCb  was  measured  up  to  only  lo  eps  and  the  appli- 
cation of  the  correcting  network  is  not  therefore  justified  for  fre- 
quencies f >|Ocpjjthe  overall  frequency  response  FRCe  was  cut 
off  above  this  frequen(^.  Figure  7 shows  the  complete  arrangement  of 
the  measuring  system. 
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AFPERDn  II 


Th«  "Oprreotlng  Setvprk" 


The  correcttuf  network,  shown  In  Flgore  17,  produced  the  FRC,^ 
proportional  to  not  using  Inductances.  Because:  Ri>  VcuC,  , 

« l/wC,  , and  R j » Rif  at  the  grids  of  the  tubes  T,  , Tj,  , 

^ appear  the  Toltages: 


Ue 

R, 


N, 


^2  = j ^2.  ^2  j 


U3  - Ue  ^ ki 


U,Nj 


I 


« 


figure  17.  Circuit  of  the  "Correotlag  Network"  used  la  the 

Mssureuents  ^diloh  Is  equivalent  to  the  electrical 
circuit  la  figure  10. 

> ki  s.  attenuation  factors  of  the  potentloaieters,  R^  , R4 

Tluroui^  R^r  flows  the  sun  of  the  plate  currents  of  T,  , Tz  , 
and  with  all  tubes  (penthodae  to  avoid  an  Influence  of  the  plate 
voltage  on  the  grid  voltages)  having  the  same  trans conduct anoe,  T , 


t 
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y ebtaini  Ua  - ^3  ) 

With  tb»  eonstaat  factors  oonblaed  ts  Ai  > A 2.  3 ^3  ^ 

obtala  the  FRCm  systoe*  L)q/U«  «=  JcoA*.  + A j 

Wb  see  that  this  function  is  the  recli>roeal  function  of  frequency  as  the 

fomula  of  =FB/v/-g  = \/CjwM» +-  tRs) 

Wb  can  nalce  F RC  m proportional  to  t/FRC^  by  adjusting  the  constants 

A2  and  A 3 hy  neans  of  the  potentiometers  Rj.  and  Rq.  • 

With  Ra  we  can  adjust  the  resonance  frequency  of  the  system 
(minimal  Talue  of  yJtx/Ue  ) and  vlth  Rtf  ve  can  adjust  the  damping 
factor*  For  the  shake  table  calibration  the  grids  of  T,  and  Tg,  vere 
shorted  to  ground  by  the  svitehes  S,  and  5a.  • This  is  equivalent  to 

the  short  dronitlng  of  Lg  and  Cg  in  the  circuit  of  Figure  10* 
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APmiDIZ  III 


Ganrator  for  the  Production  of  Voltagee 
of  any  Periodic  ygpotloa  of.  Tint 

For  tho  In-foatlgatlMi  of  aeohanlcal  circuits  by  neans  of  oqulTalent 
aloctrlcal  circuits  and  for  tho  Fourlar  analysis  of  tho  an  , 

input  voltags  was  required  with  the  tlaie  course  of  the  nagnitude  to  be 
investigated*  This  voltage  was  produced  by  neans  of  a rotating  disc  D » 

(Figure  18)  shaped  according  to  the  desired  tine  ftmctlon  of  the  % 

voltage.  The  disc  nodulated  the  area  of  a llc^t  bean  produced  by  a 


Figure  18.  Fhotoeleetrlc  voltage  generator  (A)  aM  its 
sehenatlc  presentation  (B). 


U^t  source,  P , and  the  slot  S . The  lens,  L|  , produced  a 
parallel  bean  at  the  place  of  the  disc, and  the  lens,  L2  , concen- 
trated all  the  light  lAlcb  had  passed  the  disc  on  the  photocell  Ph 
The  disc  was  rotated  by  a synchronous  notor  30  tines/sec.  In  ease  of 
Investigation  of  a BKQ  the  frequency  of  the  "heart  beat"  van, 
therefore,  raised  by  the  factor  36  and  the  resonance  frequency  of  the 
electrical  circuits  vas  chosen  to  be  30  tines  the  resonance  frequency 
of  the  equivalent  nechanlcal  circuits.  Because  all  frequency  con- 
ponents  were  raised  by  the  factor  30,  for  the  frequency  analysis  an 
analyzer  designed  for  the  audio-frequency  range  (Hewlett  Packard 
Hazwmlo  Uave  Analyzer  300A)  could  used. 
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APFSNDIX  IV 


The  shake  table  (Lab  Corporation,  Type  VU-Hf-500)  (Flcvre  7) 
connected  with  its  motor  a belt  and  originally  designed  to  produce 
vibrations  in  the  freqtienoy  range  10-60  eps,  was  changed  by  means 
of  an  alteration  of  the  pulleys  to  produce  vibrations  in  the  range 
0,5  - 15  ops*  To  measure  the  frequency,  fj-  , of  the  table,  the 
pulley,  rotating  with  the  frequency  of  the  vibration  of  the  table, 
carried  an  iron  toothed  wheel,  w , with  100  teeth.  The  teeth 
induced  in  an  electromagnetie  eirctiit  a voltage  with  the  frequency 
{00  fr  which  was  measured  by  an  electronic  frequently  meter  (Hewlett 
Packard  500A).  ^ ell  the  shake  table  measurements  the  amplitude  of 

the  displacement  of  the  table  plate  was  adjusted  to  be  0.02  cm  as 
recorded  on  the  dial  gauge  A • It  was  found  that  with  constant 
frequency  the  amplitudes  of  the  body  were  proportional  to  those  of  the 
table  In  this  range  of  amplitudes. 
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